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of a data set and compares  them  to Eigenvalues associated with principal components  in 













































































































































Figure 1 – Sequential reactions of the reductive dechlorination process.  














































analyses, and offer unrivaled analytical power  for complex data processing. The  tools  se‐







1.4. Keys for using the manual 
  This document presents,  in detail, the proposed approach. The structure of the docu‐
ment  is  intended  for  a  user,  and  the  document  guides  the  interested  party  either  in 
"automatic" mode or in “step‐by‐step” mode for those who want to go deeper. Analyses of 
the bacterial communities involved in and interacting with the degradation of CEs are pre‐








































































Figure 2 – Groundwater system complexity associated to bioremediation strategy evaluations.  
A GWS is composed of habitat and biota components that can be analyzed at different levels, shown in 
the orange and blue boxes. The central circle of arrows indicates that dynamic interactions occur be-
tween elements of the habitat and the biota, which are a driver of GWS functioning.. This diagram should 























Diagram 2 – Systematic screening process, in three steps, for the evaluation of the potential of reductive 













Diagram 3 – The first step of the screening process for evaluation of the potential of biodegradation in 






































rameters  to  accurately  identify  contaminant  concentrations  and  determine  the  overall 
contribution of biological processes to contaminant decrease, these wells cannot be placed 
until sufficient knowledge of the aquifer system is obtained. Design of the monitoring net‐



























4.3. Parameters to evaluate for appreciation of in situ state of reductive dechlorination 
  The sequential  reductive dechlorination of the  initial contaminants PCE and TCE pro‐
duces well‐defined intermediates such as the more toxic c12DCE, the most toxic VC, and the 










































Table 1 - Overview of contaminant concentration limits (mg/L) presented in the Federal Ordinance on 
the Remediation of Polluted (OSites 814.680) and other guidance and limit values  
Contaminant Concentration Limit value Limit value Limit value  
 OSites OSEC OMS US-EPA 
 water  drinking water drinking water drinking water 
Perchloroethene 0.04 0.04 0.04 0.005 
Trichloroethene 0.07 0.07 0.02 0.005 
Cis-1,2-dichloroethene 0.05* 0.05* 0.05* 0.07 
Trans-1,2-dichloroethene 0.05* 0.05* 0.05* 0.1 
1,1, dichloroethene 0.03 0.03 - 0.007 
Vinyl chloride  0.0001 - 0.0003 0.002 
Modified from Chloronet, 2009. OSEC: Ordinance on foreign substances and components, OMS: World health organ-






































4.4. Parameters for evaluation of GWS physicochemistry and redox conditions 
 
































compete  the VC  reduction process because  they  require  lower concentrations of  reducer 
equivalent (<1 nM H2). Conversely, the dechlorination process competes for electron donors 
with  bacterial  TEAPs  that  require  the  same  concentration  range  of  dihydrogen,  such  as 






Figure 4 – Ecological succession of terminal electron acceptor processes (TEAPs) linked to bacterial 
respiring processes. 
1) Aerobic respiration, 2) Denitrification, 3) Manganese reduction, 4) Iron reduction, 5) Sulfate reduction 
6) Methanogenesis. Oxidation-reduction potentials of the reactions are shown on the left (Eh in Volts). 
Ranges of dihydrogen concentrations required for each TEAP are shown on the right. Reductive sequen-
tial CE dechlorination processes are depicted in green. Organic matter degradation pathways providing 




























A plume moving with groundwater flow will typically develop distinct redox zones. In a conceptual con-
taminant plume, a “redox gradient” is established due to dilution from the source, movement of CEs with 
groundwater flow, and microbial activities (i.e. TEAPs). 
 
 













croorganisms  to  degrade  organic  matter.  Anaerobic  bacteria  are  inhibited  by  an  O2 
concentration higher  than 0.5 mg/L, and  reductive dechlorination cannot occur  in  this 
condition. When dO2 decreases due to organic matter respiration, anaerobic bacteria suc‐





















reducing  conditions)  can  indicate  either  incomplete denitrification  (stopped  after NR) 
and/or  incomplete nitrification  (stopped after oxidation of ammonium). This  situation 
must be  interpreted with  caution  and  in  relationship  to other measured parameters. 












 reduced  iron  Fe(II) *: When manganese oxides become  limiting,  iron(III)  reduction  to 
iron(II) is the predominant TEAP. It seems that iron reduction doesn’t occur until all Mn(IV) 




duced  and  complete  reductive dechlorination  (PCE  until  ethene)  is  possible.  The  EPA 
technical protocol for evaluating NA (EPA, 1998) indicates that SO42‐concentrations must 





 methane CH4 *: Stable molecule and easily  to measured methane  indicates highly  re‐







 total organic carbon  (TOC) * and chemical oxygen demand  (COD):   TOC and COD are 
evaluations of the global carbon content in groundwater. The non‐purgeable organic car‐

















Diagram 4 - Second step of the screening process for the evaluation of the reductive dechlorination 
potential in an aquifer contaminated with chlorinated ethenes.  
 
 





whether  they  express  the  ability  to  completely  dechlorinate  CEs.  This  is  achieved  by 
completing the following technical objectives: 












5.1. Looking for biomarkers in aquifer samples: Organohalide-respiring bacteria and re-
ductive dehalogenase genes detection 
 



















Figure 6 – Bacterial reductive and oxidative processes for degradation of chloroethenes (CEs).  
Electrons donors are shown in orange, and electrons acceptors in blue. PCE: perchloroethene, TCE: 
trichloroethene, cDCE: cis-1,2-dichloroethene, VC: vinyl chloride, Cl-: chloride, NO3-: nitrate, NH4+: am-

















Figure 7 – Schematic overview of the anaerobic reductive dechlorination of chloroethenes. 
A) the catalytic reductive dehalogenase enzymes (RdhA) implicated in each reaction, B) the sequential 
steps of the degradation process, C) the two different groups of bacterial genera involved in the sequen-
tial reaction. The reductive dechlorination efficiency decreases as the chlorination degree of the ethene 
module decreases. Conversely, the fewer chlorine atoms present, the more readily the molecules can 



































Figure 8 – Phylogenetic tree of organohalide respiring bacteria based on bacterial 16S rRNA gene se-
quences.  
The reference bar at the bottom center indicates the branch length that represents 10% sequence diver-
gence. Electron donors and acceptors are listed in the text boxes and are grouped according to their 
chemical nature and complexity. Color key: Chloroflexi (red), Deltaproteobacteria (blue), Epsilonproteo-
bacteria (purple), Firmicutes (green). Abbreviations: CF, chloroform; DCA, dichloroethane; DCE, 
dichloroethene; HCH, hexachlorocyclohexane; PCB, polychlorinated biphenyls; PCE, tetrachloroethene; 
TCE, trichloroethane; TCA, trichloroethene; VC, vinyl chloride. 
 
 
5.2. Evaluation for potential of reductive dechlorination by specific detection of the pres-
ence of known OHRB and reductive dehalogenase genes  
  At this stage, the proposed analyses are carried out on DNA extracts from water sam‐













5.2.1. Water sampling: collection, transportation and storage. 
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well  volume  and  continues  until  the  physicochemical  parameters  stabilize. Groundwater 
samples are then collected from each well directly at the pump exit at the low flow rate of 









5.2.2. Sample filtration and DNA extraction 





















according  to  the OHRB guilds presents  in  the water  sample. The complete procedure  for 
preparation of microcosms is detailed in Appendix 5. Briefly, the anaerobic medium is pre‐













Table 2 - Organisms and genes specifically targeted to evaluate reductive dechlorination potential. 
 
Target organism/gene Primer Sequence (5’-3’) References 
Dehalococcoides sp. * DHC587f  GGACTAGAGTACAGCAGGAGAAAAC Hendrickson et al., 2002 
 DHC1212r GGATTAGCTCCAGTTCACACTG ‘’ 
Dehalobacter sp.* Dre441f GTTAGGGAAGAACGGCATCTGT Smits et al., 2004 
 Dre645r CCTCTCCTGTCCTCAAGCCATA ‘’ 
Sulfurospirillum sp. * DHSPM576f GCTCTCGAAACTGGTTACCTA Ebersole et al., 2003 
 DHSPM1210r GTATCGCGTCTCTTTGTCCTA ‘’ 
Desulfuromonas sp. * Desulfo494f AGGAAGCACCGGCTAACTCC Bond et al., 2002 
 Desulfo1050r CGATCCAGCCGAACTGACC ‘’ 
Desulfitobacterium sp.*  Dsb406f GTACGACGAAGGCCTTCGGGT  Smits et al., 2004 
 De2r CCTAGGTTTTCACACCAGACTT Lanthier et al., 2001 
Geobacter lovley Geo73f CTTGCTCTTTCATTTAGTGG Duhamel and  
 Geo485r AAGAAAACCGGGTATTAACC Edwards, 2006 
vcrA ** vcrA880f CCCTCCAGATGCTCCCTTTA Behrens et al., 2008 
 vcrA1018r ATCCCCTCTCCCGTGTAACC ‘’ 
bvcA** bvcA227f TGGGGACCTGTACCTGAAAA ‘’ 
 bvcA523r CAAGACGCATTGTGGACATC ‘’ 
Eubacteria 27f AGAGTTTGATCMTGGCTCAG Lane 1991 
 519r GWATTACCGCGGCKGCTG Turner et al., 1999 
* gene coding for the small 16S ribosomal RNA subunit (16S rRNA gene) is targeted to specifically detect the mentioned bacterial 
genus. ** genes coding in Dehalococcoides sp. for the reductive dehalogenase enzymes implicated in the dechlorination of 
c12DCE into VC then ethene. 
 
 




are  not  degraded  or  that  the  degradation  is  incomplete with  observed  accumulation  of 
c12DCE and/or VC. Several scenarios may occur: 
  a)  If the tested biomarkers are not detected,  in particular the genus Dehalococcoides 
and the RdhA genes, the biochemical potential required for complete dechlorination is miss‐




ical  potential  for  complete  degradation  is  observed  in  microcosms.  Like  any  other 






































Diagram 5 - Third step of the screening process for the evaluation of the dechlorination potential in 
aquifers contaminated with chlorinated ethenes.  
 
 




























ture.  Indeed,  the  reactions  involved  in  reductive  dechlorination  of  chlorinated  solvents 
require the input of electrons from external donors. Most isolated bacterial populations that 
metabolically use CEs as terminal electron acceptors require hydrogen as the terminal elec‐
tron  donor  (see  Figure  8).  Thus  it  is  necessary,  at  the microbial  community  level,  that 
fermentative bacteria are present. These bacteria degrade complex carbon sources and pro‐







































Figure 9 – Schematic procedure of terminal restriction fragment length polymorphism analysis.  
It consists of 4 steps: i) PCR amplification of 16S rRNA genes from a complex sample, ii) digestion of 
the PCR products with a restriction enzyme, iii) electrophoretic separation of the enzymatic products of 
digestion and iv) recovery of size and abundance data for each separated marked terminal fragment 
 
 
Table 3 – List of the variable names and acronyms to be used in the *.csv files. 
 
Acronym  Teaps variables  Acronym CE accumulation Acronym  Others variables 
PCE perchloroethene  X.PCE %PCE  Eh redox potential  
TCE trichloroethene X.TCE %TCE  pH acidity 
c12DCE cis-1,2-DCE  X.c12DCE %c12DCE  tC temperature (t°C) 
VC vinyl chloride X.VC %VC eC electric conductivity 
ethene ethene   TOC total organic carbon 
NO3 nitrate (NO3-)    Cl chloride (Cl-) 
NO2 nitrite (NO2-) 
NH4 ammonium (NH4+) 
MnII manganese(II) (Mn(II)) 
FeII iron(II) (Fe(II)) 
SO4 sulfate (SO42-) 
H2S hydrogen sulfide (H2S) 
CH4 methane (CH4) 
CO2 carbon dioxide (CO2) 
dO2 dissolve oxygen (dO2) 
 
 
6.2.1. T-RFLP profiles 




area  and  height).  These  data  are  extracted  from  the  electropherogram  using  the Gene‐



















Figure 10 – spe.csv final data matrix in Excel.  
First column contains name of the samples, first line refers the T-RFs size in base pair (bp). Data corre-
spond to the value in RFU of each peak area. 
 
 
















Figure 11 – teaps.csv final concentration matrix in Excel.  
First column contains name of the samples, first line contains names of CEs and inorganic compounds 
related to TEAPs. The acronyms used are PCE: perchloroethene, TCE: trichloroethene, c12DCE: cis-
1,2-dichloroethene, VC: vinyl chloride, NO3: nitrate, NO2: nitrite, NH4: ammonium, MnII: manganese(II), 




Figure 12 – XCEs.csv final data matrix in Excel.  




Figure 13 – others.csv final data matrix in Excel.  
First column contains name of the samples, first line contains names of environmental parameters. The 
acronyms used are Cl: chlorine, F: fluorine, PO4: phosphate, K: potassium, Corg: total organic carbon 





























































Figure 14 – Schematic construction of PCA graphical representations, and by analogy of MFA. 




























Table 4 – List of the R packages to install 
 
Name of the R package  Meaning of the R package 
ade4 (CRAN link) # Multivariate data analysis and graphical display 
vegan (CRAN link) # Ordination methods, diversity analysis and other functions for commu-
nity and vegetation ecologists. 
FactoMineR (CRAN link) # Multivariate exploratory data analysis and data mining 























Table 5 – List and brief descriptions of the MFA R script output files  
 
Output file name Brief description 
1) 1_Test_Axes.png Show graphically axes validity of the MFA dimensions 
2) 2_Plot_CorrelationCircle.png Show correlation between variables and their contribution in 
 the  MFA dimensions 1 and 2 
3) 3_Plot_CorrelationCircle_0.05.png   MFA Correlation circle showing only significant variables (with 
 a p-value < 0.05) that explain the MFA model  
4) 4_Plot_IndFactMap.png Plot of the water samples in the MFA dimensions 1 and 2 
5) 5_Table_Correlations_BCS_Env.csv Table of the correlations and associated p-value between the 
 BCS and groups of environmental variables, and between 
 BCS and variables take separately. 
 
 
6.4. Keys for reading MFA plots 
  The file ‘1_Test_Axes.png’, which is produced during the MFA, provides a way to evalu‐
ate the statistical validity of MFA axes that describe GWS data. If MFA axes are not validated, 









































Figure 15 – Multiple factor analysis (MFA) plots presented as a case study to aid understanding of the 
reading keys and interpretation of the MFA multivariate statistical analysis.  
In the ‘Correlation circle’, grey vectors correspond to the projection of the T-RF positions of the T-RFLP 
profiles (section 6.1) (i.e. interpretable as presence of a bacterial population). Other abbreviations: Eh, 
oxidation-reduction potential; dO2, dissolved oxygen; X.PCE, percentage of perchloroethene among to-
tal CEs; NO3, nitrate; TOC, total organic carbon; NH4, ammonium; VC, vinyl chloride; X.VC, percentage 
of vinyl chloride among total CEs; FeII, iron(II); tC, temperature, NO2, nitrite. In the ‘Individual factor 
map’, points n°1 to 20 correspond to the sample projections, which summarize the results obtained from 








































6.5. Guidelines for MFA interpretation and setting up the GWS biogeochemical model 
  The MFA output graph interpretation is the cornerstone for identifying both competi‐
tion  between  bacterial  metabolisms  and  reductive  dechlorination  and  the  reasons  for 
complete or incomplete dechlorination in a GWS.  In this sense, the reading keys presented 
above are the  foundation  for  identifying the  important  factors that affect aquifer biogeo‐
chemical functioning, such as:  
 The predominant TEAPs present in a GWS 


























































7.1. Case study 1 - Former dry-cleaning facility, Canton of Solothurn, Switzerland 
 
This first case study was detailed in Shani et al., (2013). The complete document can be 







Figure 16 - Map of the Solothurn test-site.  
Monitoring wells are shown as colored circles (left). The source of the PCE contamination is shown as a 
star. The general groundwater flow direction is indicated with a blue arrow. The circle colors indicate the 
local oxidation–reduction status at the monitoring location. Green: oxic/nitrate-reducing, orange: nitrate 
to iron-reducing, red: iron-reducing and brown: methanogenic. Concentrations of CEs measured from 
two sampling campaigns (A: April and B: October 2008 respectively) are shown on the left. The figure is 













dation of the mechanisms responsible  for  incomplete  in situ dechlorination of CEs via the 
correlations between BCS and the environmental variables (TEAPs and Others) determined 
by MFA. In order to validate the mechanisms proposed in the third and last step of the pro‐



















7.2. Case study 2 - Former municipal discharge site, Canton of Geneva, Switzerland  
 























Figure 18 – Soil profile of a NNW-SSE transect of the studied site contaminated with chlorinated ethenes, 
and projection of the piezometer positions on the transect plane.  
Blue lines indicate the limits of the upper and lower aquifers.  
 
 












Figure 19a and 19b – Piezometry and groundwater flow direction in the upper (a) and lower (b) aquifers 
of the contaminated site 
 
 
Figure 20 – Global distribution of the contamination, and evaluation of the pollution level in regard to 
groundwater system protection and norm in deposit of uncontaminated excavated materials in soil. 
* Ordinance on the remediation of contaminated sites (OSites 814.680), values for groundwater. ** Landfills for inert 
materials, *** Deposit for uncontaminated excavated materials: indicative values for grounds in Ordinance on the 
treatment of wastes (OTD 814.600) and in FOEN (1999). 
   
b - lower aquifer piezometric levels 











7.2.3. Evaluation of the biochemical potential for reductive dechlorination - Step 2 
 













Figure 21 – Map of the contaminants PCE, TCE, c12DCE and VC produced at the site.  
CE concentrations are plotted as circles with a size proportional to their concentration values. Red circles 
correspond to concentrations that exceed the OSites limits (shown in the red box). Black circles corre-
spond to non-zero concentrations below OSites limits. The scale used to plot the VC concentration is 















Figure 22– Map of biomarkers detected at the site.  
The size of the circle is proportional to the number of markers identified at each well. The yellow circle 
distinguishes the two sampling depths (1 upper, 2 lower) of well MIP05. No water sample could be re-























Table 6 – Presence (+) / absence (-) of biomarkers assessed by specific PCR on DNA extracted from 





























-1 and -2 refer to upper and lower aquifer samples, respectively, of wells MIP05 and MIP06. 
 
 
Table 7 – Dechlorination products detected in the gas phase of microcosms after 122 and 130 days of 
incubation. 
Sample names are followed by the sampling depth in meters in parentheses. 
 
Time Sample PCE TCE DCE CV ethene 
122 days PO7-(7.20) X X X  
 PO7-(8.10) X X X X 
 PO8-(6.20) X X X X 
 PO8-(7.10) X X X X 
 PO10-(7.50) X X X 
 PO10-(9.30) X X X X 
 PO11-(8.70) X X X 
130 days PO7-(7.20) X X X 
 PO7-(8.10) X X X X 
 PO8-(6.20) X X X X X 
 PO8-(7.10) X X X X 
 PO10-(7.50) X X X 
 PO10-(9.30) X  X X X 
 PO11-(8.70) X X X 
 
 
Figure 23 – The organohalide-respiring bacteria (OHRB) enrichment culture microcosms from aquifer 



























































MIP01 - - - + + - - - 
MIP02 + - + + + - - - 
MIP03 - - - + + + - - 
MIP04 - - - + - - + - 
MIP05-1 + + - - + - - - 
MIP05-2 + + - + + + + + 
MIP06-2 - - - + + - - - 
MIP07 - - - + + + - - 
MIP08 - - - + - - - - 
MIP10 - - - + + + - - 
MIP11 - - - + + - - + 
MIP20 - - - - + - - - 
PO1 - - - + + - - + 
PO2 - - - + + - - - 
PO3 - - - - + - - - 
PO4 - - - + - - - - 
PO5 - - - + - - - - 
PO6 + - + + + - - + 
PO7 - - - + + - + + 
PO8 - + - + + - - - 
PO10 - - - + - - - - 
PO11 - - - + - - - - 
S12099 - - - + - - - - 
S12512 - - - + + - - - 









7.2.4. Biogeochemistry of the aquifer: elucidate the reason for the observed incomplete 
reductive dechlorination of PCE – Step 3 
 







































Figure 24 – Representation of Kaiser – Guttman criterion (left) and Broken-stick model (right) tests of 




































































Figure 26 – Correlation circle, graphical output file: 3_MFA_CorrelationCircle_0.05.png. 
Grey vectors correspond to the projection of the T-RF positions of the T-RFLP profiles. Eh, oxidation-
reduction potential; dO2, dissolved oxygen; X.PCE / X.TCE / X.cDCE, percentage of perchloroethene / 
trichloroethene / cis-1,2-dichloroethene respectively among total CEs; NO2, nitrite; TOC, total organic 
carbon; NH4, ammonium; PO4, phosphate; x, position of well along north-south axis; F, Fluoride; pH, ; 
CH4, methane; MnII, manganese(II); depth, depth of the water sampling; c12DCE, cis-1,2-dichloroe-






























































Table 8 – RV correlation coefficients and the associated p-values calculated between the bacterial com-
munity dataset and i) each defined group of environmental variables (TEAPs, %CEs, Others) and ii) each 
environmental variable separately. 
Variables RV coeff. p-value Significance 
TEAPs 0.3756 0.2087 ns 
%CEs 0.3190 0.0601 ns 
Others 0.4830 0.0056 ** 
PCE 0.1245 0.8006 ns 
TCE 0.1042 0.9141 ns 
c12DCE 0.0970 0.9519 ns 
VC 0.2021 0.0954 ns 
NH4+ 0.1271 0.7045 ns 
NO3- 0.1435 0.5977 ns 
NO2- 0.2587 0.0074 ** 
SO42‐ 0.1306 0.6713 ns 
Fe(II) 0.1447 0.5134 ns 
Mn(II) 0.1449 0.5227 ns 
CH4 0.3046 0.0085 ** 
dO2 0.2331 0.0598 ns 
%PCE 0.1666 0.3198 ns 
%TCE 0.2454 0.0325 * 
%c12DCE 0.1784 0.2483 ns 
%VC 0.2054 0.0506 ns 
Eh 0.3051 0.0099 ** 
pH 0.2207 0.0713 ns 
t°C 0.1802 0.2439 ns 
TOC 0.1382 0.5748 ns 
Chloride 0.1694 0.3200 ns 
Degree of significance based on the calculated p-value: **, significant p-value < 0.01; *, moderately significant p-value 
< 0.05; ns, non-significant. RV coeff. : RV correlation coefficient. This table is generated from the output files: 
























7.2.5. Conclusions - Scenarios for incomplete in situ reductive dechlorination 
  The first step of the procedure, the analysis of the contaminant distribution and their 
degradation state, has shown that reductive dechlorination was present at the site, but that 
the  process was  incomplete.  The  second  step,  screening  for  the  presence  of  OHRB  bi‐
omarkers and their biochemical potential, has indicated that the GWS contains the genetic 
markers as well as  the  functional capacity  to perform complete dechlorination. The  third 
step, the analysis of the GWS biogeochemical state, has deepened the understanding of the 
aquifer functioning at the time of the inventory. The main identifiable explanation for incom‐
plete  dechlorination  is  that  the  local  redox  conditions  at  the  site were  not  sufficiently 
reducing. The presence of non‐negligible concentrations of electron acceptors other than CEs 
mobilized the reducing power (H2) to the detriment of reductive dechlorination. Manganese 




tenuation of PCE will occur  in a  reasonable timeframe.  It  is probable  that the system will 
naturally  tend  towards global accumulation of c12DCE and  local accumulation of VC. The 
presence of specific biomarkers linked to the last stage of PCE dechlorination (vcrA and bvcA), 
and the evidence of ethene production obtained in microcosms, indicates that under favor‐
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Température écart d’au moins 3 °C par rapport à l’état naturel 
Turbidité <1 UT/F 
pH écart d’au moins 0,5 par rapport à l’état naturel 
Constituants principaux et secondaires 
Calcium (Ca2+) 40 mg/l de plus qu’à l’état naturel 
Magnésium (Mg2+) 10 mg/l de plus qu’à l’état naturel 
Sulfates (SO42+) <40 mg/l (1) 
Silice dissoute (H4SiO4) 10 mg/l de plus qu’à l’état naturel 
Baryum (Ba2+) 0,5 mg/l de plus qu’à l’état naturel 
Sodium (Na+) 25 mg/l de plus qu’à l’état naturel 
Potassium (K+) 5 mg/l de plus qu’à l’état naturel 
Chlorures (Cl-) <40 mg/l (1) 
Fluorures (F-) 0,5 mg/l de plus qu’à l’état naturel 
Bromures (Br-) 0,05 mg/l de plus qu’à l’état naturel 
Nitrates (NO3-) <25 mg/l (1) 
Ammonium (NH4+) <0,1 mg/l (1) dans des conditions oxydantes
 
<0,5 mg/l (1) dans des conditions anoxiques 
Nitrites (NO2-) 0,05 mg/l de plus qu’à l’état naturel 
Phosphates (o-PO43-) 0,05 mg/l de P de plus qu’à l’état naturel 
Cyanures (CN-) <0,025 mg/l 
Saturation en oxygène 
(O2)  >20% 
Fer (Fe) dissous  0,3 mg/l de plus qu’à l’état naturel 
Manganèse (Mn) dissous  0,05 mg/l de plus qu’à l’état naturel 
Carbone organique dis-
sous (DOC) <2 mg/l (1)
 







Eléments en traces  
Bore (B ) <0,05 mg/l de plus qu’à l’état naturel 
Zinc (Zn ) dissous  <5 µg/l 
Cuivre (Cu ) dissous  <2 µg/l 
Nickel (Ni ) dissous  <5 µg/l  
Plomb (Pb ) dissous  <1 µg/l 
Cadmium (Cd ) dissous  <0,05 µg/l 
Mercure (Hg ) dissous  <0,01 µg/l 
Arsenic (As ) <5 µg/l 
Sélénium (Se ) <5 µg/l 
Chrome (Cr ) <2 µg/l 
Substances organiques naturelles et de synthèse  
Composés organiques halogé-
nés adsorbables (AOX) <10 µg/l (1) 
AOX, y compris HHV <10 µg/l 
Phénols volatils (entraînables à 
la vapeur) <5 µg/l 
Hydrocarbures aromatiques 
monocycliques (BTEX) <1µg/l pour chaque substance (1) 
Hydrocarbures aliphatiques <1 µg/l pour chaque substance (1) 
Hydrocarbures halogénés volatils 
(HHV)  <1 µg/l pour chaque substance (1) 
Chlorure de vinyle <0,1 µg/l 
Pesticides  <0,1 µg/l pour chaque substance (1), somme <0,5 µg/l 
Composés nitro-aromatiques 
totaux <0,5 µg/l 
EDTA et complexants de struc-
ture analogue <5 µg/l pour chaque substance 
NTA <3 µg/l 
Hydrocarbures aromatiques 
polycycliques (HAP) <0,1 µg/l pour chaque substance (1) 
Benzo(a)pyrène <0,01 µg/l 
Méthyl-tert-butyléther (MTBE) <2 µg/l 
Chlorophénols absence d’odeur 
Pentachlorophénol  <0,1 µg/l 
Chlorobenzène <1 µg/l pour chaque substance 
Di(2-éthylhexyl)-phtalate (DEHP) <1 µg/l 
Amines aromatiques <0,1 µg/l pour chaque substance, somme <0,5 µg/l 
Triazoles benzéniques <1 µg/l pour chaque substance 
Acides halogénés <0,5 µg/l pour chaque substance 




























       Prepared solutions using ultrapure water 
      (e.g. from Direct‐Q® 8 Ultrapure Water System, Merck Millipore) 
      Do not sterilized 


































































rRNA  gene  pools  are  amplified  in  30  µl  reaction  mixtures  (Table  A)  using  Eub28f  (5’‐
GAGTTTGATCNTGGCTCAG‐3’)  /  Univ1492r  (5’‐GGYTACCTTGTTACGACTT‐3’)  primers.  PCR 
products of the first PCR are diluted prior to be used for the second amplification step. In the 








1. 94°C for 5’    initial denaturation 
2. 30 cycles of   94°C for 30’’   denaturation 
    50°C for 45’’   annealing 
    72°C for 1’   elongation 
3. 72°C for 10’    final elongation 


















dNTPs  10mM each  800M  0.60 l 
Enhancer P  5X 1X 6.00 l 
Eub28f  10M  0.5M  1.50 l 














1.  94°C for 5’    initial denaturation 
2.  30 cycles of   94°C for 30’’   denaturation 
    55°C for 45’’   annealing 
    72°C for 45’’   elongation 
3.  72°C for 10’    final elongation 









1.  94°C for 4’30’’    initial denaturation 
2.  40 cycles of   94°C for 30’’   denaturation 
    55°C for 45’’   annealing 
    72°C for 30’’   elongation 
3.  72°C for 10’    final elongation 
















dNTPs  10mM each 3.2mM 0.80 l 
Enhancer P  5X  1X  2.00 l 
Primer 1  10M  0.5M  0.50 l 























dNTPs  10mM each  1.2mM  0.30 l 
Enhancer P  5X  1X  2.00 l 
Primer 1  10M  1M  1.00 l 































































































4.2 mM  K2HPO4 * 3H2O  0.958g   K2HPO4*3H2O 
1.4 mM   NaH2PO4 * 2H2O  0.218g  NaH2PO4*2H2O 
0.5 mg.L‐1  Resazurin (from a Resazurin at 0.5 g.L‐1)   0.1g  Peptone 
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1.711 mM   EDTA   500 mg/l   EDTA   
10.06 mM  FeCl2*4H2O  2000 mg/l  FeCl2*4H2O   
505.3 µM   MnCl2*4H2O  100 mg/l  MnCl2*4H2O 
798.5 µM  CoCl2*6H2O  190 mg/l  CoCl2*6H2O 
513.5 µM   ZnCl2  70 mg/l  ZnCl2 
15 µM   CuCl2*2H2O  2.6 mg/l  CuCl2*2H2O 
41 µM   AlCl3  5.5 mg/l  AlCl3 
97 µM   H3BO3  6 mg/l  H3BO3 
171 µM   Na2MoO4*2H2O  41.4 mg/l  Na2MoO4*2H2O 













0.20 µM  Biotin (vitamin H)(p‐aminobenzoic)  50 mg        
1.57 µM  P‐aminobenzoate (Na‐salt)   250 mg   
0.21 µM   Pantothenate (Na‐salt)    50 mg       
0.04 µM   Folic acid (dihydrate)    20 mg         
0.24 µM  Lipoic acid (thioctic acid)    50 mg       
0.59 µM   Pyridoxine (B6 vitamin)    100 mg     
4.50 µM   Nicotinamide  550 mg     
    Dissolve in 1 L Milli‐Q water 
Vitamin B1 solution – Solution VI 




50mg/l  Riboflavine (B2 vitamine)     
  Dissolve in Milli‐Q water 
         
Vitamin B12 solution ‐ Solution VIII  
50mg/l  Cyanocobalamin (vitamin B12)       

















110mM  NH4HCO3  9.01 g      
0.9 M  NaHCO3  76.11 g   


























































































pleted  with  sterilized  and  UV‐treated  MilliQ  water  (Millipore).  PCR  amplifications  were 





many) according  to  the manufacturer’s  instructions. An aliquot of 200 ng of purified PCR 








































> setwd("C:/Users/User Name/Documents/R_working_folder") 
or under Macs: 

























# Plot eigenvalues and % of variation of an ordination object 
# Kaiser rule and broken stick model 
# Usage: 
# evplot(ev) 
# where ev is a vector of eigenvalues 
 
# License: GPL-2  
# Author: Francois Gillet, 25 August 2012 
 
evplot <- function(ev) 
{ 
 # Broken stick model (MacArthur 1957) 
 n <- length(ev) 
 bsm <- data.frame(j=seq(1:n), p=0) 
 bsm$p[1] <- 1/n 
 for (i in 2:n) bsm$p[i] <- bsm$p[i-1] + (1/(n + 1 - i)) 
 bsm$p <- 100*bsm$p/n 
 # Plot eigenvalues and % of variation for each axis 
 op <- par(mfrow=c(2,1)) 
 barplot(ev, main="Eigenvalues", col="bisque", las=2) 
 abline(h=mean(ev), col="red") 
 legend("topright", "Average eigenvalue", lwd=1, col=2, bty="n") 
 barplot(t(cbind(100*ev/sum(ev), bsm$p[n:1])), beside=TRUE,  
  main="% variation", col=c("bisque",2), las=2) 
 legend("topright", c("% eigenvalue", "Broken stick model"),  



















## Script to compute MFA analysis associated with the screening procedure 
# for evaluation of reductive dechlorination potential and reasons for 
# lower CEs stalling 
# 
## content 
# 0 prepare R environment 
# 1 Import data 
# 2 Transformations of the data and standardization 
# 3 Multiple factor analysis (MFA) and multiple plots 
# 4 Test of the MFA components/axes validity 
# 5 Produce output files of MFA mutiple plots 
# 6 Test and select variables that significantly explain the mfa model 
# 7 Produce a clean correlation circle MFA plot with only the significant  
#   variables 
# 8 RV correlations and associated p-values between the BCS group and  
#   individual variables of TEAPs, %CES, and Others groups 
## Author: Sonia-Estelle Tarnawski 
#************************************************************************** 
 
# 0 Prepare R working environment 
#******************************** 
 
# if not already done, install the R packages, if yes skip this 1st step 
# install.packages (c('ade4', 'vegan', 'FactoMineR')) 
 
# Verified the current pathway of the working directory 
getwd() 
 
# Load the required packages (after installation) 





# Change working directory for your "R_working_folder" if not already done 
#(as indicated in Appendix 7) 
# Verify that evplot.R and your data files: spe.csv, teaps.csv, XCEs.csv,  
# others.csv are in your "R_working_folder" 
 











# 1 Import data 
#************** 
 
## Bacterial community structures dataset (T-RFLP) 
spe <- read.csv2("spe.csv", dec=".", row.names=1) 
 
## Environmental data splits in the 3 explicative data sets:  
## teaps, %CEs and others 
teaps <- read.csv2("teaps.csv", dec=".", row.names=1) 
CEs <- read.csv2("XCEs.csv", dec=".", row.names=1) 
others <- read.csv2("others.csv", dec=".", row.names=1) 
 
 
# 2 Transformations of spe data (decostand function of the vegan package) 
#************************************************************************** 
 
## Transform raw t-RFs peak area data(population abundance) in relative  
## abundance per sample 
spe <- decostand(spe, "total", MARGIN=1) 
## Verification of data transformation, sum of the line must be equal to 1 
apply(spe,1,sum) 
## Create a new excel file with the transformed data 
write.table(spe, file = "spe-relative.csv", sep = ";", col.names = NA) 
 
## Hellinger standardization of the relative abundance species data.  
## Hellinger transformation minimize consideration of double zero as  
## resemblance between samples 
spe.hel <- decostand(spe, "hellinger") 
 
 




## MFA on 4 groups of variables: 
## Concatenate data of the 4 groups of variables (spe.hel, teaps, CEs and  
## others) 
tab4 <- data.frame(spe.hel, teaps, CEs, others) 
 
## tab4 exploration: 
# dimension of the data table tab4 (number of lines X number of columns) 
dim(tab4)   
# number of variables per group, respectively spe,teaps, %CES and others  
(grn <- c(ncol(spe.hel), ncol(teaps), ncol(CEs), ncol(others)))  
# view of the first lines of tab4      
head(tab4)  
 
## Close the any previous graphic windows 
graphics.off() 
 
## Compute the MFA and generate multiple plots 
t4.mfa <- MFA(tab4, group=grn, type=c("c","s","s","s"), ncp=3, 
name.group=c("BCS","TEAPs","%CEs","Others")) 
 
## take time to have a look on these first plots generated by the MFA 










# 4 Test of the MFA axes validity 
# ******************************* 
 
## Eigenvalue results of the MFA and percentage of variance explained 
# show how to call different results of the mfa 
t4.mfa   
# call eignevalues 
t4.mfa$eig 
 
## Test of axis validity 
# Select only first column of the eigenvalue results   
ev <- t4.mfa$eig[,1]   
names(ev) <- 1:nrow(t4.mfa$eig) 
 
## Close the previous graphic windows 
graphics.off() 
 
## Graph of Eigenvalue per dimension of the MFA 
## Average eigenvalue (Kaiser Guttman criterion)/Broken Stick Model results 
evplot(ev) 
# are the 1st et 2nd dim. significant axes? red histograms must be smaller  
# than the light pink one on the bottom graph 
 
## if the two first axes are validated, continue the analysis 
## if not, stop the analysis, rethink about the data and the possibility  
## to complement them with another round of sampling 
 
 
### To save a '1_Test_Axes.png' file of the graph of 'Eigenvalue per  
### dimension of the MFA, average eigenvalue and broken stick model  
### results', execute the following code lines: 
{ 
# Apply Kaiser-Guttman criterion to select axes 
ev[ev > mean(ev)] 
# Broken stick model (MacArthur 1957) 
n <- length(ev) 
bsm <- data.frame(j=seq(1:n), p=0) 
bsm$p[1] <- 1/n 
for (i in 2:n) 
bsm$p[i] = bsm$p[i-1] + (1/(n + 1 - i)) 
bsm$p <- 100*bsm$p/n 
# Plot eigenvalues and % of variation for each axis, generate *.png file 
png(filename="1_Test_Axes.png", width=10, height=4, units="in", res=500) 
par(mfrow=c(1,2)) 
# Eigenvalues/Mean Eigenvalues 
barplot(ev, main="Eigenvalues", col="bisque", las=2, cex.axis=0.8, 
cex.name=0.8, cex.main=0.8) 
abline(h=mean(ev), col="red") # average eigenvalue 
legend("topright", "Average eigenvalue", lwd=1, col=2, bty="n", cex=0.7) 
# % Eigenvalue/BSM 
barplot(t(cbind(100*ev/sum(ev),bsm$p[n:1])), beside=T, main="% variance", 
col=c("bisque",2), las=2, cex.axis=0.8, cex.name=0.8, cex.main=0.8) 
legend("topright", c("% eigenvalue", "Broken stick model"), pch=15, 












# 5 Produce output files of MFA multiple plots 
# ******************************************* 
 
### General comments about the different ways to save graphic  
### representations: Code lines to save graphics in high quality *.png  
### files, useful for writing reports, are given in the current scripts.  
### You can also save any graph, by clicking on with the right mousse 
### button, copy/paste it on e.g. Microsoft PowerPoint or Word; or save it  
### in low quality pdf format, by clicking on the graph window, then go in  
### the R menu 'File' and select 'Save as' 
 
 
## To draw different graphs of the MFA and keep some clearest in *.png 
## format execute the following code lines : 
 
##### Correlation circle ##### 
#** Correlation circle (different colors than the default ones) 
plot(t4.mfa, choix="var", habillage="group", palette=pal-
ette(c("black","darkgrey","green3","red","blue")), cex=.8, cex.main=1, 
cex.lab=.8, cex.axis=.8, shadowtext=TRUE) 
# The open graph window shows how it looks like. Save the graph in a  
# ‘2_Plot_CorrelationCircle.png’ file in your working folder by executing  
# the following codes: 
{ 
png(filename="2_Plot_CorrelationCircle.png",width=7, height=7, units="in", 
res=500)  
plot(t4.mfa, choix="var", habillage="group", palette=pal-
ette(c("black","darkgrey","green3","red","blue")), cex=.8, cex.main=1, 
cex.lab=.8, cex.axis=.8, shadowtext=TRUE) 
dev.off() 
} 
##### Individual factor map ##### 
# Display 'Individual factor map' plotting samples barycenter in black 
plot(t4.mfa, choix="ind", habillage="none", cex=.8, cex.main=1, cex.lab=.8, 
cex.axis=.8, shadowtext = TRUE, invisible="quali") 
# Save this graph in a .png format in your working folder: 
{ 
png(filename="4_Plot_IndFactMap.png",width=7, height=7, units="in", res=500)  
plot(t4.mfa, choix="ind", habillage="none", cex=.8, cex.main=1, cex.lab=.8, 





# 6 Test and select variables that significantly explain the MFA model 
# ************************************************************************* 
 
## Select variables presenting correlations with one or both axes of the  
## MFA with p-value < 0.05 
aa <- dimdesc(t4.mfa, axes=1:2, proba=0.05) 
aa # show the results 
 
 
# 7 Produce a clean 'Correlation circle' MFA plot with only the significant  
# variables at p-value < 0.05 
# ************************************************************************* 
 








## Display the graph 
plot(t4.mfa, choix="var", habillage="group", title= "Correlation circle / p-
value =<0.05", cex=.8, select= c(rownames(aa$Dim.1$quanti), 
rownames(aa$Dim.2$quanti)), unselect="transparent", cex.main=1, cex.lab=.8, 
cex.axis=.8, palette=palette(c("black","darkgrey","green3","red","blue"))) 
## Save the graph under the name ‘3_Plot_CorrelationCircle_0.05.png‘ in your  
## working folder: 
{ 
png(filename="3_Plot_CorrelationCircle_0.05.png", width=7, height=7, 
units="in", res=500) 
plot(t4.mfa, choix="var", habillage="group", title= "Correlation circle / p-
value=<0.05", cex=.8, select= c(rownames(aa$Dim.1$quanti), 





# 8 RV correlations and associated p-values between the BCS group and  
# individual variables of the TEAPs, %CEs and Others groups 
#************************************************************************** 
##### for this step, It is important that the acronym names that you used  
##### for the variables being the same that the ones proposed in the 
##### screening procedure (Table 3) to be able to use the follow code lines 
##### without generated error. 
 
## Use the 'tab4' define at the beginning of the script as data references  
## and call the names of the column 
## of the different groups as remind if you need to change some names in  





#********** RV coeff. 
## RV global correlations between BCS and other groups 
TEAPs <- coeffRV(spe.hel, scale(teaps))$rv 
XCEs <- coeffRV(spe.hel, scale(CEs))$rv 
OTHERS <- coeffRV(spe.hel, scale(others))$rv 
 
# RV coefficient between BCS and individual variables (X) is given by  
# the code line general formula: coeffRV(spe.hel, scale(X))$rv 
 
PCE <- coeffRV(spe.hel, scale(tab4$PCE))$rv 
TCE <- coeffRV(spe.hel, scale(tab4$TCE))$rv 
cDCE <- coeffRV(spe.hel, scale(tab4$c12DCE))$rv 
VC <- coeffRV(spe.hel, scale(tab4$VC))$rv 
XPCE <- coeffRV(spe.hel, scale(tab4$X.PCE))$rv 
XTCE <- coeffRV(spe.hel, scale(tab4$X.TCE))$rv 
XcDCE <- coeffRV(spe.hel, scale(tab4$X.c12DCE))$rv 
XVC <- coeffRV(spe.hel, scale(tab4$X.VC))$rv 
NH4 <- coeffRV(spe.hel, scale(tab4$NH4))$rv 
NO3 <- coeffRV(spe.hel, scale(tab4$NO3))$rv 
NO2 <- coeffRV(spe.hel, scale(tab4$NO2))$rv 
SO4 <- coeffRV(spe.hel, scale(tab4$SO4))$rv 
FeII <- coeffRV(spe.hel, scale(tab4$FeII))$rv 
MnII <- coeffRV(spe.hel, scale(tab4$MnII))$rv 
CH4 <- coeffRV(spe.hel, scale(tab4$CH4))$rv 
dO2 <- coeffRV(spe.hel, scale(tab4$dO2))$rv 
Eh <- coeffRV(spe.hel, scale(tab4$Eh))$rv 
pH <- coeffRV(spe.hel, scale(tab4$pH))$rv 
tC <- coeffRV(spe.hel, scale(tab4$tC))$rv 
TOC <- coeffRV(spe.hel, scale(tab4$TOC))$rv 
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Chloride <- coeffRV(spe.hel, scale(tab4$Cl))$rv 
 
## Group RV results in a single table 
tabRV <- data.frame(TEAPs, XCEs, OTHERS, PCE, TCE, cDCE, VC, XPCE, XTCE,  
XcDCE, XVC, NH4, NO3, NO2, SO4, FeII, MnII, CH4, dO2, Eh, pH, tC, TOC,  
Chloride) 
tabRV # display the table 
 
#********** p-values (PV) 
## PV correlations between BCS and other groups 
TEAPs <- coeffRV(spe.hel, scale(teaps))$p.value 
XCEs <- coeffRV(spe.hel, scale(CEs))$p.value 
OTHERS <- coeffRV(spe.hel, scale(others))$p.value 
 
# p-value associated to RV coeff between BCS and individual variables (X)  
# is given by the code line general formula: coeffRV(spe.hel, scale(X))$p- 
# value. Important: keep the order of the variables same that for RV  
# coeff. calculation 
 
PCE <- coeffRV(spe.hel, scale(tab4$PCE))$p.value 
TCE <- coeffRV(spe.hel, scale(tab4$TCE))$p.value 
cDCE <- coeffRV(spe.hel, scale(tab4$c12DCE))$p.value 
VC <- coeffRV(spe.hel, scale(tab4$VC))$p.value 
XPCE <- coeffRV(spe.hel, scale(tab4$X.PCE))$p.value 
XTCE <- coeffRV(spe.hel, scale(tab4$X.TCE))$p.value 
XcDCE <- coeffRV(spe.hel, scale(tab4$X.c12DCE))$p.value 
XVC <- coeffRV(spe.hel, scale(tab4$X.VC))$p.value 
NH4 <- coeffRV(spe.hel, scale(tab4$NH4))$p.value 
NO3 <- coeffRV(spe.hel, scale(tab4$NO3))$p.value 
NO2 <- coeffRV(spe.hel, scale(tab4$NO2))$p.value 
SO4 <- coeffRV(spe.hel, scale(tab4$SO4))$p.value 
FeII <- coeffRV(spe.hel, scale(tab4$FeII))$p.value 
MnII <- coeffRV(spe.hel, scale(tab4$MnII))$p.value 
CH4 <- coeffRV(spe.hel, scale(tab4$CH4))$p.value 
dO2 <- coeffRV(spe.hel, scale(tab4$dO2))$p.value 
Eh <- coeffRV(spe.hel, scale(tab4$Eh))$p.value 
pH <- coeffRV(spe.hel, scale(tab4$pH))$p.value 
tC <- coeffRV(spe.hel, scale(tab4$tC))$p.value 
TOC <- coeffRV(spe.hel, scale(tab4$TOC))$p.value 
Chloride <- coeffRV(spe.hel, scale(tab4$Cl))$p.value 
 
## Group p-value results in a single table 
tabPV <- data.frame(TEAPs, XCEs, OTHERS, PCE, TCE, cDCE, VC, XPCE, XTCE,  
XcDCE, XVC, NH4, NO3, NO2, SO4, FeII, MnII, CH4, dO2, Eh, pH, tC, TOC,  
Chloride) 
tabPV # display the table 
 
## Table with RV coeff results in column 1 and p-value in column 2 
tabRV.PV <- rbind(tabRV, tabPV, deparse.level = 2) 
tabRV.PV <- t(tabRV.PV) 
tabRV.PV 
 
## Keep the above table as output file ‘5_Table_Correlations_BCS_Env.csv in  
## your working folder: 
write.table(tabRV.PV, file = "5_Table_Correlations_BCS_Env.csv ", sep = ";", 
col.names = NA) 
 
 


















well PCE TCE c12DCE VC NH4 NO3 NO2 SO4 FeII MnII CH4 dO2
MIP01 142 1.7 0.8 0 159 39 78 122 0 240 0.01 2.28
MIP02 1500 26.6 50 0.4 195 39.2 1349.5 226 0 118 0 1.14
MIP03 190 0.8 0.8 0 48 45 105 148 0 51 0 1.75
MIP04 0.6 0 0 0 198 1.2 268 41.5 14 596 0.05 2.81
MIP05-2 5.9 5.35 169.5 5.6 2860 0.1 0 139 17 908 0.03 0.44
MIP06-2 16.4 6.7 37.4 0 178 26.6 457 437 0 342 0.03 0.19
MIP07 83.5 2.3 2.2 0 43 141.5 132 648.5 0 169 0 2.18
MIP08 23.3 11 7.9 0 42 18.1 494 102 0 270 0.01 0.4
MIP10 166 14.15 36.6 0 75 35.5 30 258 23 1232 0 0.12
MIP11 49 21.1 98 0 1700 18.1 398 189 15 2695 0.04 0.55
MIP20 64 48 368 0.9 4010 19.6 1504 308 0 1470 0.02 0.71
PO1 262 9.2 37 0 205 26.5 45 345 0 64 0 0.8
PO2 28.6 0.2 0 0 28 20.8 0 56.8 0 0 0 3.79
PO3 493 9.8 12 0 19 35.1 76 269 0 372 0 0.44
PO4 8.4 0.4 1.2 0 20 39.8 0 303 28 0 0 3.33
PO5 0 0 0 0 30 20 0 133 0 0 0 6.27
PO6 254 6.1 108 2.3 1960 1.8 14 15 0 49 0.01 2.43
PO8 61.4 1.1 3.2 0.1 239 5.4 3940 91.2 10.5 159 0.02 2.59
PO10 428 62 428 0.7 4000 7.2 189 261.5 13 2562 0.04 0.31
S12099 23 12.4 69.2 0 104 29.8 0 165.5 0 1265 0 1.19
S12512 0 0 0 0 28 21 0 75 0 0 0 5.43
S20 8.5 9.5 120 0 302 31.5 0 267 0 40 0 1.43
well %PCE %TCE %c12DCE %VC
MIP01 97.66 1.17 0.55 0
MIP02 94.95 1.68 3.16 0.03
MIP03 99.06 0.42 0.42 0
MIP04 100 0 0 0
MIP05-2 3.15 2.85 90.45 2.99
MIP06-2 26.84 10.97 61.21 0
MIP07 94.78 2.61 2.50 0
MIP08 54.95 25.94 18.63 0
MIP10 76.37 6.51 16.84 0
MIP11 28.94 12.46 57.89 0
MIP20 13.19 9.89 75.81 0.19
PO1 84.87 2.98 11.99 0
PO2 99.31 0.69 0 0
PO3 95.60 1.90 2.33 0
PO4 84 4 12 0
PO5 0 0 0 0
PO6 68.46 1.64 29.11 0.62
PO8 92.75 1.66 4.83 0.15
PO10 46.34 6.71 46.34 0.08
S12099 21.82 11.76 65.65 0
S12512 0 0 0 0
S20 6.06 6.77 85.53 0
well Eh pH tC TOC Cl F PO4 K depth x y
MIP01 -10.4 7.13 13.1 1.64 48.5 0.2 39.5 10.4 4.3 44.08 89.92
MIP02 97 7.1 13.7 5.28 33.5 0.2 0 13.9 6.8 38.62 81
MIP03 6.8 7.04 12.4 1.75 42.8 0.2 46 10.2 4.3 52.08 82.92
MIP04 130.7 7.81 13 1.24 32.9 0.3 0 3.43 6.8 60.23 86.92
MIP05-2 92.2 7.05 13.8 3.86 28.7 0 0 9.29 6.8 46.46 77.38
MIP06-2 5.5 6.98 13.9 3.62 19 0 51.5 20.5 9.5 46.38 67.54
MIP07 79.5 6.88 11.5 5.86 33.2 0 56 30.5 5.8 72.77 75.31
MIP08 211.1 7 12.9 1.3 45.6 0 0 3.07 8 24.69 53.08
MIP10 35.3 6.81 13.4 3.11 34 0 70 21.7 6.8 63.85 52.69
MIP11 189.4 6.84 14.7 3.01 22.7 0 47.5 13.8 8.5 39.31 36.92
MIP20 152.1 6.93 15 3.22 38.5 0 49.5 20 8.5 50.38 46.62
PO1 171.2 6.85 13.5 3.34 30.8 0.1 15 21.5 7.5 59.38 71
PO2 94.6 7.21 12.4 0.93 77.2 0.2 79.5 2.25 4.5 39.23 89.08
PO3 201.6 6.79 13.9 4.16 32.5 0.2 82.5 22 6.5 53.46 55.92
PO4 213.5 6.98 13 1.78 44.6 0 109 5.31 5.5 86.62 15.77
PO5 244.6 7.16 15.5 0.68 43.5 0.2 76 2.26 6 141.69 16.77
PO6 242.5 7.16 13 2.88 6.2 0.2 31.5 3.62 4.7 32.31 69.54
PO8 61.6 7.31 16.9 3.37 17.7 0.3 39.5 7.77 8.5 45.15 84.08
PO10 24.5 6.91 10.5 3.52 38 0 32 20.55 7 54.38 30.92
S12099 249.3 6.81 12.9 2.2 28.9 0 0 22.1 8.5 15.23 10
S12512 286.5 7.13 12 0.62 22.8 0.1 225 1.03 7 206.23 118.38
S20 274.4 6.91 12.6 2.68 30.2 0 98.5 20.4 5.5 62.46 8
µg/L µg/L µg/L µg/L µg/L mg/L mg/L µg/L mg/L µg/L mg/L µg/L µg/L µg/L µg/L mg/L mg/L mg/L µg/L mg/L mg/L ‐ °C mg/L mV m m m mS/cm





2‐ H2S, S2‐ FeII MnII CH4 Cl‐ F‐ PO43‐ K+ TOC pH tC dO2 Eh depth x y eC
MIP01 142.0 1.7 0.8 0.9 0 0 0 159.0 39.0 78.0 122.0 0 0 0 240.0 0.01 48.5 0.2 39.5 10.40 1.64 7.13 13.1 2.28 ‐10.4 4.3 44.08 89.92 1151
MIP02 1500.0 26.6 50.0 2.8 0.4 0 0 195.0 39.2 1349.5 226.0 0 0 0 118.0 0 33.5 0.2 0 13.90 5.28 7.10 13.7 1.14 97.0 6.8 38.62 81.00 ‐
MIP03 190.0 0.8 0.8 0.2 0 0 0 48.0 45.0 105.0 148.0 0 0 0 51.0 0 42.8 0.2 46.0 10.20 1.75 7.04 12.4 1.75 6.8 4.3 52.08 82.92 1246
MIP04 0.6 0 0 0 0 0 0 198.0 1.2 268.0 41.5 0 0 14.0 596.0 0.05 32.9 0.3 0 3.43 1.24 7.81 13.0 2.81 130.7 6.8 60.23 86.92 684
MIP05‐2 5.9 5.35 169.5 1.05 5.6 0 0 2860.0 0.1 0.0 139.0 0 0 17.0 908.0 0.03 28.7 0 0 9.29 3.86 7.05 13.8 0.44 92.2 6.8 46.46 77.38 ‐
MIP06‐2 16.4 6.7 37.4 0.6 0 0 0 178.0 26.6 457.0 437.0 0 0 0 342.0 0.03 19.0 0 51.5 20.50 3.62 6.98 13.9 0.19 5.5 9.5 46.38 67.54 1601
MIP07 83.5 2.3 2.2 0.1 0 0 0 43.0 141.5 132.0 648.5 0 0 0 169.0 0 33.2 0 56.0 30.50 5.86 6.88 11.5 2.18 79.5 5.8 72.77 75.31 2
MIP08 23.3 11 7.9 0.2 0 0 0 42.0 18.1 494.0 102.0 0 0 0 270.0 0.01 45.6 0 0 3.07 1.30 7.00 12.9 0.40 211.1 8.0 24.69 53.08 1287
MIP10 166.0 14.15 36.6 0.6 0 0 0 75.0 35.5 30.0 258.0 0 0 23.0 1232.0 0 34.0 0 70 21.70 3.11 6.81 13.4 0.12 35.3 6.8 63.85 52.69 1583
MIP11 49.0 21.1 98.0 1.2 0 0 0 1700.0 18.1 398.0 189.0 0 0 15.0 2695.0 0.04 22.7 0 47.5 13.80 3.01 6.84 14.7 0.55 189.4 8.5 39.31 36.92 1440
MIP20 64.0 48 368.0 4.5 0.9 0 0 4010.0 19.6 1504.0 308.0 0 0 0 1470.0 0.02 38.5 0 49.5 20.00 3.22 6.93 15.0 0.71 152.1 8.5 50.38 46.62 1697
PO1  262.0 9.2 37.0 0.5 0 0 0 205.0 26.5 45.0 345.0 0 0 0 64.0 0 30.8 0.1 15.0 21.50 3.34 6.85 13.5 0.80 171.2 7.5 59.38 71.00 1665
PO2 28.6 0.2 0 0 0 0 0 28.0 20.8 0 56.8 0 0 0 0 0 77.2 0.2 79.5 2.25 0.93 7.21 12.4 3.79 94.6 4.5 39.23 89.08 1054
PO3 493.0 9.8 12.0 0.9 0 0 0 19.0 35.1 76 269.0 0 0 0 372.0 0 32.5 0.2 82.5 22.00 4.16 6.79 13.9 0.44 201.6 6.5 53.46 55.92 1565
PO4 8.4 0.4 1.2 0 0 0 0 20.0 39.8 0 303.0 0 0 28.0 0 0 44.6 0 109.0 5.31 1.78 6.98 13.0 3.33 213.5 5.5 86.62 15.77 1535
PO5 0 0 0 0 0 0 0 30.0 20.0 0 133.0 0 0 0 0 0 43.5 0.2 76.0 2.26 0.68 7.16 15.5 6.27 244.6 6.0 141.69 16.77 994
PO6 254.0 6.1 108.0 0.6 2.3 0 0 1960.0 1.8 14.0 15.0 0 0 0 49.0 0.01 6.2 0.2 31.5 3.62 2.88 7.16 13.0 2.43 242.5 4.7 32.31 69.54 667
PO7 0.6 0 0 0 0 0 0 146.0 0.1 1119.5 181.0 0 0 0 153.0 0.13 30.3 0.3 0 5.78 1.76 7.83 15.7 1.54 ‐107.6 9.5 36.62 102.54 871
PO8 61.4 1.1 3.2 0.4 0.1 0 0 239.0 5.4 3940.0 91.2 0 0 10.5 159.0 0.02 17.7 0.3 39.5 7.77 3.37 7.31 16.9 2.59 61.6 8.5 45.15 84.08 980
PO10 428.0 62 428.0 4.9 0.7 0 0 4000.0 7.2 189.0 261.5 0 0 13.0 2562.0 0.04 38.0 0 32.0 20.55 3.52 6.91 10.5 0.31 24.5 7.0 54.38 30.92 1736
S12099 23.0 12.4 69.2 0.8 0 0 0 104.0 29.8 0 165.5 0 0 0 1265.0 0 28.9 0 0 22.10 2.20 6.81 12.9 1.19 249.3 8.5 15.23 10.00 1411
S12512 0 0 0 0 0 0 0 28.0 21.0 0 75.0 0 0 0 0 0 22.8 0.1 225.0 1.03 0.62 7.13 12.0 5.43 286.5 7.0 206.23 118.38 990















t‐RFs (bp) MIP01 MIP02 MIP03 MIP04 MIP05‐2 MIP06‐2 MIP07 MIP08 MIP10 MIP11 MIP20 PO1  PO2 PO3 PO4 PO5 PO6 PO8 PO10 S12099 S12512 S20
50 0 429 0 483 0 0 0 0 0 0 616 0 864 465 1180 597 0 0 2393 568 531 1420
51 0 555 0 423 0 0 0 0 0 0 0 0 0 425 1558 0 0 0 2465 626 664 693
52 0 0 0 299 0 0 1777 2419 0 0 0 0 2606 0 0 0 0 0 1351 335 305 763
53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4320 0 0 0 0 0 0
54 0 0 0 293 0 0 0 0 0 2010 0 0 0 0 1115 0 0 0 796 469 0 1943
55 1798 6835 2180 1788 3634 4435 2821 971 2726 0 6368 3225 7035 5109 8613 5105 1821 2713 21281 5357 8248 11851
56 283 261 0 4211 0 0 0 0 0 0 0 0 267 0 0 0 0 0 0 0 0 0
57 0 0 0 2651 0 0 0 0 0 2339 0 0 0 0 0 0 8649 0 0 0 0 0
58 639 1619 669 20014 915 436 974 0 381 0 1614 0 2195 1398 3392 1931 0 0 8338 2005 1534 3494
59 5398 10844 3978 0 5842 3404 9561 2499 2717 627 13259 1715 24183 12494 36731 21325 3248 1456 80096 19632 13916 36519
60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 193 0 0 0 528 0
61 1436 3574 2159 68359 749 2178 1911 1971 1229 0 6123 0 0 1265 6372 6227 0 4736 0 2345 0 0
62 2508 0 0 0 914 5368 0 0 0 37914 3498 1281 7922 0 0 0 15473 0 8027 0 3916 14124
63 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 731 0 0 0 0 0
64 0 0 0 0 0 0 0 0 0 3409 352 0 0 0 0 0 0 0 1722 496 0 1219
67 0 0 0 979 0 0 0 0 0 0 0 0 0 0 0 0 717 0 0 0 0 0
69 0 0 0 0 0 0 0 0 0 0 0 0 340 0 0 0 589 0 0 0 830 0
70 0 0 0 1468 0 0 6346 0 0 0 0 0 0 0 0 0 400 457 2314 0 488 0
71 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 833 345 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 721 214 0 0 0 0 0 0 0 890 440 578 0
75 0 0 0 852 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 767
78 0 0 0 0 0 0 0 0 0 0 499 0 0 0 0 0 0 0 0 0 0 0
89 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2004 0
90 3193 0 0 0 0 0 0 0 2309 0 0 0 0 0 0 0 0 0 549 0 0 0
106 0 0 0 0 0 0 0 0 0 0 0 0 0 352 0 0 0 0 0 0 0 0
107 0 0 0 0 0 0 0 0 0 0 298 0 0 0 0 0 0 0 0 0 692 0
111 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 346 0 0 0 0 0
127 314 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
128 487 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
129 308 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
130 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 472 0
132 463 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
134 0 0 0 641 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
135 978 0 0 0 0 0 0 0 793 0 0 0 0 0 0 0 0 0 422 0 1398 0
137 337 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
139 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 309 0 0 0 0 0
143 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
145 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 950 0
149 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 357 0 0 0 0 0
154 0 0 0 0 0 0 423 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
157 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3648 0 0 0 0 0 0 0
158 0 0 0 0 22268 0 0 0 0 0 329 0 296 0 0 0 0 0 0 0 0 0
163 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 401 0 0 0
170 675 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 687 0 0 0 0
171 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 403 0 0 0 0 0
172 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 604 0
173 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 615
178 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 513 0 0 0
179 0 0 0 0 0 0 0 0 0 0 0 0 0 1575 0 0 213 0 0 0 0 0
180 334 0 0 0 0 0 0 0 0 0 0 0 0 0 0 478 0 0 559 0 349 0
181 0 0 0 0 0 0 0 0 0 466 0 0 483 0 0 0 331 0 0 0 0 0
182 0 0 0 0 0 0 0 0 0 0 594 0 0 0 0 0 0 405 0 0 0 0
183 1306 711 0 0 0 0 0 0 0 0 0 0 641 0 0 0 10329 0 0 0 1373 0
184 0 540 0 314 0 0 0 0 0 0 0 0 0 0 0 0 11900 0 0 0 0 377
185 0 0 0 0 0 0 0 0 0 512 492 0 0 1031 0 0 0 0 351 0 0 0
186 0 0 0 0 0 0 0 0 0 0 0 0 0 1420 0 0 4785 0 1238 0 0 0
187 0 0 0 0 0 0 0 0 0 349 0 0 0 0 0 0 0 258 0 0 0 0
188 575 0 0 464 0 0 0 0 0 0 0 0 817 0 502 411 224 1849 855 0 374 515
189 2020 1130 541 9100 517 310 1279 1565 1153 564 1790 644 2813 1589 1170 1083 5436 875 1421 888 2702 3206
190 0 0 0 0 0 0 0 0 0 0 0 0 0 1459 0 0 6297 0 0 0 349 0
191 0 0 0 0 277 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 455 0
192 13348 6160 1756 12429 496 7421 4636 25442 5996 39300 34407 0 784 858 0 0 1029 48612 612 0 1615 0
193 0 0 0 0 364 0 0 0 1142 0 0 0 0 658 0 0 2786 0 385 0 387 0
194 355 1747 0 0 0 0 351 0 798 1410 0 0 0 0 0 0 1517 0 0 0 618 0
195 12257 5594 2350 7808 19081 0 601 0 1024 0 817 0 355 0 445 0 472 0 11353 0 1031 0
196 4470 7893 1858 39286 1009 19100 2999 34617 4307 49997 43869 0 0 0 2006 0 1346 21178 11095 0 0 0
197 467 0 0 0 7578 0 0 0 0 0 0 0 0 0 0 0 1032 10625 902 0 773 0
198 0 594 0 0 0 0 935 0 0 0 0 0 1849 0 0 0 1352 0 0 0 530 0
199 944 465 0 0 7290 608 0 0 556 0 0 0 0 0 0 0 740 0 741 371 421 917
200 0 0 0 0 740 637 0 0 0 5369 12854 9227 877 9369 0 0 140 0 845 0 1290 625
201 907 0 0 0 1357 0 571 0 0 4399 9298 0 0 7197 0 0 10465 0 605 0 0 458
202 871 605 0 0 4699 694 972 0 0 0 474 0 0 0 0 0 1869 296 0 0 0 0
203 975 0 0 0 240 0 0 0 0 0 0 0 0 0 0 0 0 0 995 0 297 0
204 0 0 0 750 2724 0 0 0 0 772 0 0 0 0 0 0 819 0 0 0 0 0






t‐RFs (bp) MIP01 MIP02 MIP03 MIP04 MIP05‐2 MIP06‐2 MIP07 MIP08 MIP10 MIP11 MIP20 PO1  PO2 PO3 PO4 PO5 PO6 PO8 PO10 S12099 S12512 S20
206 587 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 670 942 232 0 0 0
207 333 291 0 0 0 0 0 0 0 609 0 0 0 0 0 0 1230 0 0 0 493 0
208 590 371 451 7971 5794 958 1155 675 0 713 1121 428 2676 349 944 1843 1159 0 1206 1224 2131 3498
209 0 0 0 3831 22759 6145 0 0 0 0 0 0 348 0 453 0 7654 1060 0 0 0 439
210 0 189 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9541 0 0 356 0
211 0 0 0 2436 750 1781 0 9277 882 14863 9803 0 1050 0 707 0 32918 9425 0 0 0 607
212 5812 19649 6963 24396 610 29736 16262 13593 0 35674 85669 0 0 0 0 0 0 1587 0 0 930 0
213 53114 12994 6339 0 1639 0 10257 0 3387 0 0 2025 6477 1880 3813 7758 2879 1134 6823 2748 3454 15317
214 0 0 2207 22182 8771 36980 12062 2537 3524 56360 9753 0 1691 0 1621 0 8618 6155 16741 0 1133 0
215 8562 11019 3736 8601 1886 5363 1746 11233 3492 21007 15423 0 2370 0 1586 0 2985 1002 7930 543 256 0
216 0 386 0 0 1164 969 0 0 0 0 0 2668 0 262 0 0 0 0 0 0 0 0
217 36711 0 3025 0 0 8683 693 0 490 1546 0 0 0 0 0 0 0 0 0 0 0 0
218 569 0 1768 0 0 197 0 0 839 0 624 0 0 0 0 0 0 0 628 0 1467 0
219 420 1569 0 911 0 580 0 0 0 0 408 0 835 0 0 0 2900 512 0 0 552 0
220 3333 1015 0 3241 0 0 0 0 379 0 0 1025 304 0 497 339 794 0 10420 0 529 289
221 2428 928 0 1183 749 520 929 0 701 0 1069 0 0 0 350 0 0 0 0 316 0 1205
222 0 0 0 1045 1035 0 0 0 0 0 447 0 0 0 0 0 0 0 1687 0 0 0
223 751 0 0 0 0 1660 0 0 0 0 0 0 0 530 0 0 1533 425 1598 0 264 0
224 369 0 0 561 0 543 0 0 1310 0 0 0 519 0 0 0 0 0 0 0 3096 657
225 2403 0 0 0 4890 335 0 0 0 403 0 0 0 0 0 0 840 0 11459 0 0 347
226 873 306 550 0 0 0 526 0 0 0 0 0 1355 854 0 0 2691 0 2024 0 1606 0
227 3511 1137 0 888 391 0 4296 0 472 0 0 0 1000 0 0 0 0 489 2879 0 793 0
228 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1304 0 0 0 0 0
229 389 0 0 0 0 0 0 0 0 0 1010 0 321 0 0 0 839 0 0 0 4114 0
230 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 357 0 1193 0 0 337
231 503 375 0 0 1317 972 1360 0 0 0 0 0 870 0 0 0 354 0 0 0 3069 0
232 428 0 0 0 0 784 0 0 0 0 0 0 289 0 0 0 0 0 15115 0 465 0
233 1095 245 0 0 0 0 0 0 0 0 0 0 616 0 0 0 1078 0 0 0 465 0
234 0 0 0 0 1143 0 0 0 517 0 0 0 442 0 0 0 0 0 249 0 0 0
235 818 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1290 0 0 0 885 0
236 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 859 0 0 0 740 0
237 1578 362 0 0 0 0 0 0 0 0 0 0 0 0 0 0 898 0 0 0 0 480
238 2674 1240 491 0 382 0 712 0 1430 498 0 0 722 0 0 0 0 0 701 0 1071 0
239 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1198 0 1099 0 0 0
240 0 642 0 0 0 0 0 0 0 744 0 0 0 0 0 0 448 0 0 0 0 467
241 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6540 0 0 0 0 0
242 0 360 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 241 0 190 0
243 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2361 0 2205 0
244 366 0 0 0 694 520 0 0 509 0 0 0 0 0 0 0 1844 0 4156 0 1662 0
245 543 842 0 452 0 0 0 0 0 0 0 0 0 0 0 0 231 0 1080 0 0 0
246 0 0 0 0 1735 0 3648 0 0 0 0 0 0 0 0 0 4407 1124 0 0 988 0
247 3326 2264 747 0 0 0 0 0 0 0 0 0 0 0 0 0 2968 0 0 0 0 0
248 0 0 0 0 830 1009 0 487 0 0 403 0 0 388 0 0 0 0 0 0 0 0
249 0 774 360 7843 5987 6150 1776 2112 0 1349 434 0 975 0 0 0 2472 0 0 0 359 0
250 4522 0 0 539 0 0 0 0 648 0 0 0 0 0 0 0 0 387 6464 391 0 1364
251 544 8011 1493 0 399 0 0 0 0 0 0 0 1065 0 0 349 0 0 0 0 5279 304
252 0 0 0 0 0 3416 0 0 0 0 287 0 0 0 0 0 729 0 0 0 891 0
253 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 449 0 1283 0 0 0
254 2541 1234 0 0 0 0 524 0 1550 0 0 0 0 0 0 0 509 0 0 0 3569 0
255 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2842 0 0 0 0 0
256 0 0 0 0 456 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 364 0
257 0 0 0 0 0 0 0 0 0 0 0 0 980 0 0 0 1532 0 482 0 0 655
258 0 0 0 386 0 0 0 0 0 0 0 0 0 0 0 0 0 0 495 0 581 0
259 855 0 0 0 0 0 0 0 0 0 0 0 0 0 730 0 0 0 0 0 0 1206
260 0 905 0 0 1118 342 0 0 0 0 0 4398 755 689 0 0 1450 0 1586 399 2409 5741
261 1263 565 0 578 0 0 1886 0 750 0 0 0 0 0 0 0 953 353 0 0 551 0
262 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 364 0 595 0
263 0 294 0 0 0 0 0 0 0 0 0 0 0 0 0 0 467 0 0 0 0 666
264 0 0 0 0 5531 0 0 0 0 0 0 0 481 0 0 0 0 0 0 0 0 0
265 585 503 0 0 3470 0 0 0 0 0 0 0 604 0 0 0 430 0 689 334 1980 0
266 614 337 0 708 254 0 0 0 2303 0 4543 376 415 905 0 0 0 0 4812 0 2170 0
267 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 790 0 258 0 0 1319
268 0 0 0 0 1076 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
269 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1046 0 0 0 0 0
270 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 800 0
271 0 0 0 0 0 0 1219 0 0 0 0 0 0 0 0 0 0 0 591 0 472 0
272 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 516 0 0 0 0 0
273 0 0 0 334 1365 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
274 1205 0 0 2992 9229 3028 0 0 0 636 0 0 0 0 0 0 0 0 0 0 323 0
277 0 0 0 0 0 0 0 0 1107 0 0 0 0 0 0 0 0 0 692 0 0 0
278 4375 1647 0 773 0 0 0 0 0 0 0 0 0 0 0 0 0 267 0 0 0 0
279 338 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 482 0 0 0 1263 0
280 429 0 0 0 0 0 0 0 0 0 0 1620 0 0 0 0 621 0 0 0 364 0
281 301 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
283 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 569 0 0 0 0 0
284 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1046 0
285 0 0 0 0 0 381 0 0 0 0 0 0 0 0 0 0 1624 0 0 0 0 0
286 0 0 0 401 2750 0 0 0 0 0 0 0 0 0 0 0 1053 0 347 0 0 0
287 0 0 0 332 0 0 611 0 0 0 0 0 0 0 0 0 0 0 2018 0 0 0
288 3219 1392 1323 2600 1290 1780 1901 992 0 469 1067 817 7327 908 1647 3666 6176 1261 4488 1663 4440 7330
290 0 495 0 0 0 0 0 0 0 0 0 0 1080 0 0 0 3714 0 354 0 448 0
291 1124 0 0 0 0 0 0 0 0 0 0 636 0 0 0 0 0 0 0 0 0 0
292 0 0 0 0 78924 9216 0 0 1375 0 0 0 0 0 0 0 0 0 0 0 900 371
293 415 636 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 730 0
294 0 0 0 0 1399 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 348 2067
295 1970 0 0 523 24263 592 16277 0 877 0 0 0 0 0 0 0 0 0 795 0 0 0
296 0 0 0 0 0 0 0 0 0 0 1653 0 0 0 0 0 0 0 515 0 2249 0
297 0 678 0 914 0 0 0 0 0 0 0 985 0 0 0 0 420 0 0 0 1145 0
298 1706 0 0 0 2228 696 0 0 0 0 0 0 0 0 0 0 1255 0 0 0 0 0
299 0 0 0 0 779 0 0 0 0 0 0 0 902 0 0 0 0 0 0 0 706 0
300 0 816 0 420 1846 0 0 0 0 0 0 0 0 0 0 0 0 0 422 0 371 0
301 1998 0 0 395 0 0 0 0 0 0 0 0 8270 0 0 0 3745 0 1138 0 5213 0
302 0 0 0 1078 972 0 0 0 1288 0 0 0 0 0 0 0 0 0 0 0 0 0
303 1870 1105 357 0 3233 382 0 0 0 1574 0 0 351 0 0 0 3233 0 0 0 824 436
304 0 0 0 0 0 0 0 0 0 0 336 0 0 0 0 0 300 0 0 0 0 2154
306 0 2181 401 0 1130 397 0 0 0 0 403 0 0 0 0 0 0 670 0 0 0 0
307 0 0 0 3621 0 0 0 0 0 0 0 0 1495 0 0 642 991 0 0 714 1315 0
308 595 0 0 442 6214 510 1298 0 0 750 0 0 0 0 0 0 0 0 0 0 456 1391
309 0 0 0 0 0 0 0 0 581 0 0 0 0 464 0 0 276 0 837 0 1904 0
310 0 1190 0 22174 0 651 1637 2097 0 0 0 0 0 0 0 0 0 5575 0 0 0 0
311 750 0 0 0 514 1202 0 0 0 2508 1970 0 0 0 0 0 2182 0 0 0 548 565
312 1925 959 592 797 4255 674 280 0 0 0 0 449 1707 493 0 1152 640 0 834 648 1368 2176
313 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 482 0






t‐RFs (bp) MIP01 MIP02 MIP03 MIP04 MIP05‐2 MIP06‐2 MIP07 MIP08 MIP10 MIP11 MIP20 PO1  PO2 PO3 PO4 PO5 PO6 PO8 PO10 S12099 S12512 S20
315 422 0 0 0 0 1893 701 774 983 2888 1114 0 0 414 0 0 271 0 4678 20089 0 15803
316 1638 0 394 0 0 0 551 0 0 0 0 596 0 0 0 0 297 0 0 0 1056 0
317 0 0 0 0 1954 0 0 0 0 0 0 0 479 0 0 0 0 0 0 0 0 0
318 0 0 0 906 6727 2297 0 0 0 0 0 0 0 0 0 0 353 0 0 0 0 0
320 924 0 0 0 0 0 0 0 0 479 0 0 0 0 0 0 0 0 0 0 435 0
321 0 574 0 0 0 0 0 0 591 0 0 0 0 0 0 0 1093 0 0 0 2229 0
322 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 983 0
323 0 0 0 0 0 0 0 0 0 0 0 0 565 0 0 0 0 0 0 0 248 0
324 0 473 0 0 0 0 0 0 0 0 0 844 0 0 0 0 1354 0 0 0 814 240
325 1073 0 0 0 614 0 0 0 0 0 0 607 0 0 0 0 1287 0 0 0 1245 1882
326 0 0 0 0 0 0 0 0 0 0 0 228 0 0 0 0 0 0 0 0 578 0
328 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 356 0 0 0 691 0
329 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 764 0
330 0 0 0 0 750 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
332 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 386 0 0 4352 0 0
333 0 0 0 0 0 0 0 0 0 418 0 0 0 0 0 0 0 0 630 0 0 3175
334 0 0 0 0 554 0 0 0 0 0 0 0 0 0 0 0 481 0 0 0 0 0
336 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1193 0 1015 0
337 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 431 0 0 0 0 0
338 0 0 0 0 0 0 22198 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
340 0 0 0 0 1256 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
367 0 0 0 591 0 0 0 0 0 0 0 0 2147 0 0 0 1450 0 0 0 0 0
372 0 423 544 575 754 0 1004 0 0 0 851 504 1489 0 0 0 1285 429 801 0 1031 0
373 1037 0 0 0 0 947 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1003
374 0 777 0 0 0 0 0 0 0 0 0 0 0 0 0 0 489 316 0 0 0 0
375 0 0 0 0 0 0 0 0 0 0 0 0 635 0 0 0 0 0 0 0 0 0
376 0 0 0 0 320 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
380 0 0 0 402 0 0 0 0 0 0 0 0 0 590 0 0 0 0 0 0 0 0
385 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1482 0 0 0 0 0
387 0 0 0 906 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
388 395 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
389 0 0 0 0 0 0 0 0 0 0 476 0 0 0 0 0 0 0 0 0 0 0
390 0 0 0 362 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
391 0 0 0 324 0 0 0 0 0 0 0 0 678 0 0 469 0 0 0 508 0 0
392 0 0 0 0 371 0 0 0 0 0 0 0 0 562 0 0 482 0 0 0 757 996
393 0 0 0 0 0 0 0 0 0 0 992 0 0 0 0 0 0 0 0 0 0 0
394 0 0 0 7604 0 0 0 0 0 0 0 0 0 695 0 0 398 0 0 0 0 0
395 0 0 0 0 499 884 1488 1350 0 2594 1552 0 0 0 0 0 729 3472 0 0 385 0
396 0 0 0 0 0 0 4262 422 0 0 769 877 1125 0 0 530 1555 0 0 0 356 0
397 4089 1469 1223 13673 0 0 0 3110 0 0 18177 0 502 566 0 0 587 565 681 0 0 1765
398 1199 3825 937 0 8864 4889 2849 3913 0 22873 7349 385 0 0 0 0 317 2992 0 0 456 0
399 820 2340 530 519 0 1531 629 0 0 0 0 0 0 536 0 0 4822 0 5494 0 0 0
400 0 0 0 2227 0 667 0 2351 0 0 1474 0 0 0 0 0 0 0 428 0 726 0
401 4355 2151 457 0 0 0 1017 0 0 495 0 1971 0 0 0 0 0 0 0 0 0 0
402 0 0 0 0 0 3355 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
403 3169 834 556 0 0 0 0 874 0 13970 27355 13618 647 17609 0 0 0 0 0 0 0 1502
404 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1680 0 0 0 0 0
406 3032 0 0 0 6142 628 1240 0 0 0 0 0 0 0 0 0 407 419 0 0 0 0
407 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 589 0 0 0 846 0
408 0 0 0 0 0 0 0 0 0 0 0 970 693 0 0 0 0 0 0 0 457 0
409 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 917
410 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
413 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 412
414 0 0 0 0 1722 349 0 0 0 0 0 0 0 0 0 0 0 0 0 0 436 0
415 0 0 0 0 0 452 0 0 0 0 0 0 1054 0 0 0 0 0 1507 0 652 0
422 0 0 0 0 0 0 0 410 0 0 999 0 0 0 0 0 0 0 0 0 0 0
425 517 0 0 481 0 0 0 0 0 0 480 0 0 0 0 0 0 0 0 0 0 0
426 0 0 0 0 0 0 0 0 0 1037 0 0 0 0 0 0 0 0 0 0 0 468
427 576 0 0 398 0 0 0 0 0 0 562 0 0 0 0 0 0 0 0 0 0 0
428 610 496 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
437 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1603 0 0
438 0 0 0 0 0 0 936 0 0 0 0 0 0 0 0 0 0 0 598 0 0 1365
442 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
444 0 0 0 0 0 0 0 0 0 0 559 0 0 0 0 0 0 0 0 0 0 0
448 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 434 0 0 0 0 0
449 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1344 0 0 0 0 0
452 0 0 0 0 0 0 0 0 0 0 0 0 1007 0 0 0 0 0 0 0 0 0
459 930 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
461 0 0 0 0 0 0 0 0 0 0 0 0 0 1074 0 0 0 0 0 0 0 0
462 0 0 0 0 0 0 0 0 0 0 584 0 0 0 0 0 0 0 0 0 0 0
463 461 526 0 0 0 510 0 0 0 0 2074 0 0 640 0 0 0 0 0 0 0 0
465 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1133 0 0 0 2095 949 0
466 1197 1061 1230 0 1140 948 1291 0 0 0 809 0 2260 865 0 0 3794 1030 2037 0 0 2737
468 0 0 0 2592 0 0 0 0 23781 0 0 0 0 457 0 0 0 0 0 0 0 0
469 2964 476 0 632 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
470 0 0 0 0 536 0 0 0 0 0 1816 0 0 0 0 0 0 0 0 0 0 0
475 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 697 0
476 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2004 0
478 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 479 0 0 0 0 0
482 508 0 0 0 0 0 728 0 0 0 0 0 0 0 0 0 829 0 0 0 0 0
483 1304 1036 0 0 0 0 0 0 0 413 0 0 0 0 0 0 0 0 0 0 0 0
484 0 0 0 886 0 0 0 0 0 0 358 0 0 0 0 0 0 508 0 0 0 0
485 0 0 0 315 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
486 1907 0 0 800 0 0 2039 0 0 0 0 0 0 0 0 0 0 0 0 931 0 0
487 369 0 0 917 0 0 0 0 0 0 702 0 483 0 0 0 0 393 0 0 0 0
488 0 0 0 1492 0 0 0 0 0 0 983 0 778 0 0 0 0 645 0 0 0 0
489 1233 0 0 274 0 0 0 0 0 0 0 0 0 0 0 0 0 586 0 0 0 0
490 494 0 0 0 0 0 0 0 0 0 0 0 316 0 0 0 0 0 0 0 0 0
491 0 0 0 516 6731 1275 0 0 0 0 295 0 0 0 0 0 0 531 0 0 0 0
492 481 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 308 0 0 0 0
494 0 3877 853 17365 0 3708 721 0 0 0 15617 0 9038 0 0 0 2114 0 0 0 0 0
495 22915 0 5138 115084 10400 17851 2996 0 0 0 82251 0 51611 0 0 0 0 11563 0 0 0 0
496 106904 23872 0 0 0 0 0 0 17005 0 0 0 0 0 0 0 0 62910 0 0 456 0
497 0 4374 2683 0 1264 0 0 568 16025 0 0 0 0 0 0 0 0 5451 0 0 0 1268
498 0 363 350 851 3328 0 0 0 0 0 0 0 0 0 0 0 0 40896 0 0 0 0
499 0 0 0 0 0 0 0 0 589 0 0 0 0 0 0 0 605 0 0 0 0 0
